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Abstract:  
Optical spectroscopy is a fundamental tool in numerous areas of science and technology. Much 
effort has focused on miniaturizing spectrometers, but thus far at the cost of high spectral 
resolution and broad operating range. Here, we describe a compact spectrometer without this 
trade-off. The device relies on imaging multi-mode interference from leaky modes along a highly 
multimode tapered optical fiber, resulting in spectrally distinguishable images that form a basis 
for reconstructing an incident light spectrum. This tapered fiber multimode interference 
spectrometer enables the acquisition of broadband spectra in a single camera exposure with a 
measured resolution of 40 pm in the visible spectrum and 10 pm in the infrared spectrum 
(corresponding to quality factors of 104 – 105), which are comparable to the performance of 
grating spectrometers. Spectroscopy from 500 nm to 1600 nm is demonstrated, though operation 
across the entire transparency window of silica fibers is possible. Multimode interference 
spectroscopy of leaky modes is suitable in a variety of device geometries, including planar 
waveguides in a broad range of transparent materials. We anticipate that this technique will 
greatly expand the availability of high-performance spectroscopy in a wide range of applications. 
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INTRODUCTION 
Since its 19th century origins with Walleston and Frauenhofer1, modern spectroscopy has 
become an essential tool for scientific research, including analytical chemistry, biochemical 
sensing2,3, material analysis4, optical communication5,6, and medical applications7. Modern 
grating spectrometers project the spectral components of light onto a photodetector array, and 
some commercially available systems8,9 are able to achieve very high resolving powers 
exceeding Q>107 as quantified by the quality factor Q = w0
dw
, where dw is the spectral resolution 
at frequencyw0 . However, high-resolution grating spectrometers are inevitably bulky because 
their spectral resolution scales inversely with optical path length. Fourier Transform 
spectrometers can be more compact in size, but their scanning interferometric configuration 
makes them slow for large bandwidth applications. 
 
Figure 1 Figures of merit of several compact spectrometers employing detector arrays, 
including the tapered fiber multimode interference (TFMMI) spectrometer that is 
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described in this work. The TFMMI spectrometer achieves a resolving power of Q > 104  
(Q > 105) in the visible (near-infrared) spectrum, and bandwidth B ~ 1. For the purpose of 
comparison, we include a commercial single-grating spectrometer24. Table 1 in the 
Supplementary Information provides more details about these spectrometers. 
In recent years, there has been a strong effort to develop novel spectrometers that are 
compact and have high throughput and resolving powers5,10-23. In addition to miniature grating 
spectrometers10, resonant structures such as nanocavities11-13 have been employed to separate 
spectral components into unique detectors. This research has produced millimeter-scale 
spectrometers with high resolving powers of Q>104, but with limited fractional bandwidth 
B = wmax -wmin
(wmax +wmin ) / 2
. Another class of compact spectrometers relies on imaging the speckle 
patterns of a photonic bandgap fiber bundle14 or a multimode optical fiber15,16. However, these 
spectrometers are centimeters to meters long, which can result in instability of the interference 
pattern due to environmental fluctuations.  
Recently, a silicon-based spectrometer17 that measures the multimode transmission 
profile from a disordered photonic crystal structure achieved a Q comparable to typical grating 
spectrometers, but it requires very precise coupling to a sub-wavelength input waveguide and has 
a small bandwidth from 1500 nm to 1525 nm. A high-resolution Fourier Transform 
spectrometer18 has also been demonstrated on-chip, but its narrow free spectral range limits its 
operation bandwidth to 0.75 nm at 1550 nm. Figure 1 lists various compact spectrometers in 
terms of their resolving power, Q, and fractional bandwidth, B. As seen from Fig. 1, although 
some of these recently developed compact spectrometers can already match the spectral 
resolution of grating spectrometers, it has so far been elusive to achieve high resolving power 
and broad operating bandwidth in one compact device. 
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Here, we introduce a monolithic compact spectrometer based on multimode interference 
(MMI) that simultaneously achieves high resolving power and bandwidth in a simple-to-couple 
and compact device. The device consists of a tapered multi-mode fiber, as illustrated in Fig. 2a. 
A non-adiabatic taper angle causes light at frequency ω to couple to a large number of spatial 
modes with different propagation constants, resulting in a unique interference profile that can be 
imaged as the ‘fingerprint’, or basis state, of a given frequency ω. Specifically, in the tapered 
optical fiber, the electric field varies in the propagation direction (z) as  
E(z, t) = exp(iwt) E0,l,m exp(ibl,m (z)z)
l,m
å  
where βl,m(z) are the phase propagation constants of the fiber Bessel modes, plotted in Fig. 2b. 
The tapering of the fiber additionally modifies this interference along the taper length, as 
reflected in the z-dependent propagation constant βl,m(z), while also introducing a controllable 
mode leakage. Imaging the interference pattern I = E(x, y, z) 2  with a camera provides a system 
with exceptional spectroscopic attributes that enable order-of-magnitude improvements over 
state of the art spectrometers (Fig. 1). 
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Figure 2 (a) Schematic of the TFMMI spectrometer, consisting of a tapered fiber imaged 
on a commercial camera. (b) Isoplanes of propagation constants at four frequencies 
corresponding to λ = 450 nm, 532 nm, 595 nm and 638 nm. Inset: propagation constant 
as a function of mode order. (c) Optical image of the device when a 638 nm laser is sent 
through the tapered fiber. The intensity distribution is extracted from one MMI section 
for the purpose of illustration, showing qualitative agreement between experiment and 
model. (d) Transmission spectrum of the fiber (Thorlabs AFS105/125y)25. We anticipate 
an operating range equivalent to the supported wavelengths from 400 nm to 2400 nm. 
 
MATERIALS AND METHODS 
The fabrication of the devices relies on tapering a multimode optical fiber (Thorlabs 
AFS105/125y) using the flame-brush technique26 with taper lengths ~5 mm. The MMI patterns 
were imaged in a central ~1.5 mm stretch of the fiber, using a microscope as illustrated in 
Fig. 2a. A fiber polarization controller before the TFMMI spectrometer maximizes the coupling 
efficiency. Figure 3a and 3b show the interference patterns obtained for different input 
wavelengths of 450 nm, 532 nm, 595 nm and 638 nm in the visible spectrum and 1560 nm, 1561 
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nm and 1562 nm in near-infrared, respectively. Different laser frequencies correspond to clearly 
resolvable MMI images.  
 
Figure 3 (a) Optical images of white light, 638 nm, 595 nm, 532 nm and 450 nm 
monochromatic fields through the tapered fiber. (b) Monochrome CCD images showing 
the spatial intensity distribution for wavelengths of 1560 nm, 1561 nm and 1562 nm. 
Scale bar: 50 µm. 
 
We first characterized the TFMMI spectrometer using narrow laser fields 
(linewidths < 10 MHz) tuned from 634.800 nm to 639.400 nm in steps of 2 pm, and from 
1500.000 nm to 1580.000 nm in steps of 1 pm. The resulting images with pixel dimensions 
X´Y  are concatenated to produce vectors of length L = X´Y . The vectors  resulting from 
the intensity distributions are normalized and stored in an L x N ‘calibration matrix’ Λ, where N 
is the number of scanned wavelengths. Because a single-mode fiber was used to direct light into 
the device, the wavelength-associated fingerprints that constitute this calibration matrix are 
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independent of the actual input light profile. For arbitrary incident light from a single mode fiber, 
the insertion loss from single mode to multimode fibers is only 0.1 dB via a standard fiber-optic 
connector. In practice, a single-mode fiber could also be spliced to the tapered multimode fiber 
to provide a fixed connection. 
 
Figure 4 Frequency states corresponding to intensity fingerprints describe a spectral-to-
spatial map. (a, b) Response matrix showing the intensity distributions of different 
wavelengths through the fiber from 634.800 nm to 639.400 nm and from 1500.000 nm to 
1580.000 nm, respectively. (c, d) Monotonically decreasing inner products  
showing decreasing overlap of spatial distribution of intensity in the maps in (a) and (b), 
respectively. (e) The inner products between wavelengths from 500 nm to 800 nm and 
from 1040 nm to 1595 nm decay to ~10-1 levels, showing that no two distinguishable 
wavelengths have the same associated fingerprint.  
 
Figure 4a and 4b show the normalized intensity distribution along the fiber for visible and 
infrared wavelengths, respectively. Using the maps in Fig. 4a and 4b as our calibration matrices, 
we computed every pairwise permutation of inner products. For an ideal TFMMI of long length, 
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after normalization,  and  for all i ≠ j. In practice, however, there are non-
trivial overlapping spatial channels between these states due to the finite length of the fiber, but 
as seen from Fig. 4c and 4d, the inner products  monotonically decrease to isolation levels 
of ~10-1 as the wavelength separation  increases. This well-behaved complete basis set is 
desirable for high-resolution and broadband spectroscopy. 
Due to the broad transparency window of the silica fiber, the TFMMI spectrometer 
supports a broad wavelength range from 400 nm up to 2400 nm in principle (Fig. 1d). We 
investigated this spectroscopy range by extending our previous analysis to 500 nm< λ< 800 nm 
and 1100 nm< λ<1600 nm. Figure 4e again indicates a nearly orthonormal basis in these 
wavelength ranges.  
Broad-range spectroscopy can be performed for any input spectrum after calibrating with 
a full-rank matrix Λ: Given any arbitrary measured response signal , one recovers the 
amplitude vector constituting the signal's spectrum,  = (s1,s2,…, sN ) by left-inversion using the 
Moore-Penrose pseudo-inverse matrix, Λ+ to obtain the least-squares solution . This 
least-square solution is desirable because it applies in situations when , which is 
relevant in spectroscopy due to the continuity of spectra and the presence of experimental noise. 
Thus, with the least-squares solution, we can impose the condition that sj > 0 for all j and solve 
the more general nonlinear minimization problem 15-17, 27 to extract the spectral 
component more accurately. 
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Figure 5 Performance of TFMMI spectrometer. (a) Sharply peaked input wavelengths of 
637.96 nm and 638.00 nm are clearly resolved while input wavelengths of 637.00 nm and 
637.02 nm are not fully resolved, indicating a resolution of the TFMMI of 40 pm at 638 
nm. (b) Sharply peaked input wavelengths of 1550.070 nm and 1550.080 nm are clearly 
resolved while input wavelengths of 1550.410 nm and 1550.415 nm are not fully 
resolved; thus the resolution of the device is 10 pm at 1550 nm. (c, d) Reconstruction of 
multiple narrow spectra in the visible and in the infrared, respectively. (e) Reconstruction 
of Gaussian-enveloped spectra with different variances. (f) Reconstructed spectrum of a 
filtered broadband signal using a device resolution equivalent to that of the commercial 
spectrometer used, showing good agreement with the spectrum obtained from this 
spectrometer. 
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RESULTS AND DISCUSSION 
To determine the spectral resolution of the TFMMI spectrometer, we measured the 
intensity profiles of two nearby input wavelengths at various power levels. Images were acquired 
sequentially and summed to reflect superposition. Over tens-of-milliseconds integration times of 
these experiments, there is no interference between laser fields for laser separations of more than 
1 pm (0.8 GHz). Therefore, adding sequential measurements at different frequencies is justified 
(though additional background noise is introduced compared to a single exposure). The 
separation between the pair of wavelengths was gradually increased to find the wavelength 
separation at which the reconstruction algorithm could resolve them. This is the case at Dl  = 
40 pm in the visible regime (Fig. 5a) and Dl  = 10 pm in the IR regime (Fig. 5b), providing the 
upper bounds on the TFMMI resolution in these spectral ranges.  
In Fig. 5c and 5d, the TFMMI was used to reconstruct multiple narrow spectra in the 
visible and in the infrared, respectively. We also tested the TFMMI spectrometer with three 
simulated Gaussian spectrum input probe fields of increasing widths. As shown in Fig. 5e, the 
root-mean-square-deviation of the reconstructed amplitudes from the Gaussian probe with a 
10 nm variance is 0.0257.  
As an application of this spectrometer, we introduced a broadband signal that was within 
the calibrated range of our device. We generated this signal by filtering a supercontinuum light 
source (SuperK, NKT Photonics), which resulted in a probe light of ~1.5 nm bandwidth around 
637 nm. The probe light was then directed to our TFMMI spectrometer and to a commercial 0.75 
m grating spectrometer22. As shown in Fig. 5f, the reconstructed spectrum of the TFMMI 
spectrometer matches the result from the commercial spectrometer. 
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The performance of such devices can be improved by optimizing the waveguide or fiber 
width. To address this question, we analyzed two regions along the TFMMI spectrometer with 
diameters of 15 µm and 30 µm using two spectral ranges: 636.8-639.4 nm and 768-778 nm. 
Figure 6a shows that the inner products from these two regions fall to 0.5 after and ±0.8 nm and 
±1.0 nm from the central wavelength, respectively. This is because the greater number of modes 
in the thicker section causes an MMI pattern that is more sensitive to wavelength changes. In 
addition, because the taper width falls off approximately exponentially28 with z, the steeper 
profile of the thicker region also means the MMI leakage is more spatially dependent along the 
fiber and leads to more non-uniformity in intensity distribution for a particular wavelength. 
Because the device performance scales with length, the taper profile can be suitably engineered 
to optimize both taper angle and length to improve the performance of the device. In addition, 
the refractive indices and materials can also be further optimized to increase the MMI contrast, 
the operational range of the TFMMI spectrometer. 
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Figure 6 (a) Two regions along the TFMMI spectrometer with diameters of 30 µm and 
15 µm. The inner products of visible wavelengths from these two regions fall to 0.5 after 
and ±0.8 nm and ±1.0 nm from the central wavelength, respectively. (b) `Mobile 
operation’: optical images obtained with a lens and imaged on a smartphone, 
demonstrating the TFMMI’s potential for fieldwork. 
 
CONCLUSIONS 
In summary, we have demonstrated that multimode interference (MMI) in a tapered 
waveguide enables high-resolution and broadband spectroscopy in a compact, monolithic device. 
An ultra-narrow spectral resolution down to 40 pm in the visible (Q = 15,950) and 10 pm in the 
IR (Q = 155,000) is demonstrated. We experimentally showed that the TFMMI spectrometer 
operates across an exceptionally large range from 500 nm to 1600 nm (B = 1.0576), which is 
limited only by the transparency of the waveguide material and the sensitivity of the camera. 
Thus, with suitably chosen materials, this concept can be easily extended into the ultraviolet and 
mid-infrared spectrum. The technique is also suitable for on-chip tapered multimode 
waveguides, which could be fabricated in high volume by printing or optical lithography. Such 
ultra-small and monolithic, high-performance spectrometers are expected to find applications in 
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a wide array of fixed and portable spectroscopy applications in fields ranging from biochemical 
sensing to the life- and physical sciences.  
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